To study the termination of the African Humid Period (~9-6 kyr BP), we have simulated the climate evolution of the last 9 kyr with the ECBilt-CLIO-VECODE three-dimensional, global model that describes the coupled atmosphere-sea ice-ocean-vegetation system. The model consists of three components: 1) ECBilt, an atmospheric model (T21, three layers) based on quasigeostrophic equations, 2) CLIO, an oceanic general circulation model coupled to a comprehensive dynamic-thermodynamic sea-ice model, and 3) VECODE, a model that describes the dynamics of grassland and forest, and desert as a dummy vegetation type. The experiment was forced by annually changing insolation and the long-term trends in atmospheric CH4 and CO2 concentrations. All other boundary conditions were fixed at their 1750 AD values. Initial conditions were taken from a 500-yr equilibrium simulation with boundary conditions for 9 kyr BP. In this simulation, North Africa was covered by grassland (i.e. 'green' Sahara).
Model and experimental setup
To study the termination of the African Humid Period (~9-6 kyr BP), we have simulated the climate evolution of the last 9 kyr with the ECBilt-CLIO-VECODE three-dimensional, global model that describes the coupled atmosphere-sea ice-ocean-vegetation system. The model consists of three components: 1) ECBilt, an atmospheric model (T21, three layers) based on quasigeostrophic equations, 2) CLIO, an oceanic general circulation model coupled to a comprehensive dynamic-thermodynamic sea-ice model, and 3) VECODE, a model that describes the dynamics of grassland and forest, and desert as a dummy vegetation type. The experiment was forced by annually changing insolation and the long-term trends in atmospheric CH4 and CO2 concentrations. All other boundary conditions were fixed at their 1750 AD values. Initial conditions were taken from a 500-yr equilibrium simulation with boundary conditions for 9 kyr BP. In this simulation, North Africa was covered by grassland (i.e. 'green' Sahara).
Summary
This simplified diagram gives an overview of the non-linear system dynamics in the Sahara/Sahel region during the Holocene. Hypothetically, the climate-vegetation system possesses multiple steady states, desert and 'green'. Potential minima, marked by black balls, correspond to equilibria that are stable in the absence of perturbations. Precipitation fluctuations induced by large-scale atmospheric and oceanic variability perturb the stable state, and a positive feedback between vegetation and atmosphere amplifies external variability. Grey balls and arrows indicate the maximum range of system variations. A. 9 kyr BP. The dynamical system has two steady states with a preference for the green state (deeper potential minimum). The system fluctuates in vicinity of the green state. B. 6 kyr BP. The potential became equal for both states. The system fluctuates between desert and green states with a stronger variability than at 9 kyr BP. Consequently, 6 kyr BP is not a good period to test models in equilibrium experiments. C. 0 kyr BP. The system underwent bifurcation as the green state lost stability and disappeared. Desert is the only steady state. Precipitation fluctuations are reduced in comparison with the twowell system (A and B). Similar transitions between multiple equilibria may have occurred during other orbitally forced transitions in the geological past. The IPCC expects a significant increase in precipitation in the Western Sahara/ Sahel region in the 21st century. This is likely to considerably increase the variability as it pushes the system in the direction of the 6 kyr BP state, with both the green and desert states being potentially stable.
Response of the coupled system in the Western Sahara region
These figures shows the simulated climate evolution during the last 9 kyr.
In the first 5 kyr of our run, the Northern Hemisphere's summer temperature gradually declines by 0.9°C under the influence of the decreasing insolation and CH4 concentration. In the last few thousand years, a small warming of 0.3°C is simulated, which follows the 200-ppbv increase in CH4 level.
Phase 1: 9-7.5 kyr BP, 'green' state In the Western Sahara/Sahel region the model simulates from 9 to 7.5 kyr BP a 'green' equilibrium characterized by a mean annual precipitation of 290 mm/yr and a vegetation fraction of 70%. This green state is associated with a relatively strong land-sea thermal gradient, which strengthens the summer monsoons, leading to an increased transport of humid air towards the continent and enhanced convective precipitation over land.
Phase 2: 7.5-5.5 kyr BP, intermediate unstable state After 7.5 kyr BP, precipitation and vegetation concentration decrease to values of 210 mm/yr and 50%, respectively. In addition, the variability in vegetation fraction increases significantly (standard deviation is 9.2% for 9-7.5 kyr BP and 12.2% for 7.5-5.5 kyr BP). The time period separating the "green" spikes ranges from 110 to 370 years, which is similar to the lake-level fluctuations observed in high-resolution paleodata from the Western Sahara region (see pollendiagram to the left).
Phase 3: 5.5 kyr BP to present, desert state After 5.5 kyr BP, the variability decreases substantially and the system moves towards a desert state. At 1 kyr BP, annual precipitation is as low as 60 mm/yr and vegetation fraction is only 10%.
Stability of the green and desert states
This stability diagram for the precipitation-vegetation system in the Sahara/Sahel region is constructed following Brovkin et al. (1998) . To construct this diagram, we have performed four sensitivity experiments of 200-yr duration in which we prescribed the vegetation cover (either 100% desert or 100% grass) in the Sahara region during the first 100 years, after which the vegetation model was allowed to adjust to the different atmospheric conditions during the remaining 100 years. The four experiments can be characterized as follows: 1) desert 9 kyr BP, 2) desert 6 kyr BP, 3) green 6 kyr BP, and 4) green 0 kyr BP.
The green curve represents V*(P), the dependence of equilibrium vegetation (V) on annual mean precipitation (P), simulated by VECODE under prescribed changes in precipitation. The straight blue lines represent P*(V, t), the linear model of precipitation as a function of vegetation cover and time (t), simulated by ECBilt-CLIO in the four sensitivity experiments. Intersections of blue and green curves correspond to the equilibria in the climate-vegetation system. At 0 kyr BP, only the desert equilibrium is stable, while at 9 kyr BP and 6 kyr BP, both green and desert equilibria are stable. At 9 kyr BP, however, the green state has a much larger attraction domain, indicating that this state is clearly favored. At 6 kyr BP, the system has a less expressed preference for either equilibrium. In both the "desert" and "green" 6 kyr BP sensitivity experiments, the model returns to an intermediate state (62% and 45% vegetation cover, respectively). This explains why, between 7.5 and 5.5 kyr BP, the stochastic variations in precipitation are able to induce transitions between the green and desert equilibrium states.
Example of proxy evidence
Summary pollen percentage diagram derived from a former lake bed in the Western Sahara (Chemchane, Mauretania, 20°56'N, 12°13'W, redrawn from Lézine et al. 1990) , showing the Early-to-Mid Holocene evolution of four major nonarboreal taxa (Typha, Cyperaceae, Gramineae, Amanthaceae-Chenopedeaceae), arboreal pollen (AP), and sum of all others. Note the strong fluctuations of Typha (associated with freshwater lake environments) between 8 and 6.5 14C kyr BP. 
